The culture medium of a short-flagellum mutant of Salmonella typhimurium contained a large amount of mutant flageliin and a small amount of strong inhibitors of flagellin polymerization. After being freed of the inhibitors, the mutant flagellin could be polymerized in vitro, although under nonphysiological conditions.
The culture medium of a short-flagellum mutant of Salmonella typhimurium contained a large amount of mutant flageliin and a small amount of strong inhibitors of flagellin polymerization. After being freed of the inhibitors, the mutant flagellin could be polymerized in vitro, although under nonphysiological conditions.
We have shown that a short-flagellum mutant of Salmonella typhimurium, which has a point mutation in the flagellin structural gene (H2), excretes a large amount of monomeric flagellin (4) . The mutant flagellin has the same molecular weight as that of the wild-type flagellin but differs in mobility in polyacrylamide gel electrophoresis (PAGE) under nondenaturing conditions. After several unsuccessful trials to polymerize the mutant flagellin in vitro, we concluded that the flagellin is excreted because it has such poor polymerizability and because it is not efficiently trapped at the tip of a growing flagellum. Furthermore, we found that the mutant flagellin has a strong inhibitory effect on the in vitro polymerization of wild-type flagellin; polymerization was almost completely inhibited when the mutant flagellin was added to the wild-type at a ratio of 1:25. However, further studies showed that this effect had been mainly caused by a trace amount of a substance(s) in the sample rather than by the mutant flagellin itself. The mutant flagellin can be polymerized into flagellar filaments after being freed of the inhibitory factor, although its polymerizability still seems very poor.
In the present study, a crude sample of the mutant flagellin was obtained mainly as described before (4) . Briefly, the short-flagellum mutant SJW1254 was grown in M9 medium to the late-log phase. After the cell bodies were removed by centrifugation, ammonium sulfate was added to the culture medium to 40% saturation to precipitate the mutant flagellin. The precipitate was recovered by centrifugation at 10,000 x g for 30 min and suspended in 10 mM sodium phosphate buffer (pH 7.0). DEAE-cellulose column chromatography was carried out to separate the flagellin from the factor that inhibits flagellin polymerization. In vitro polymerization of flagellin from a wild-type Salmonella strain (SJ670) was performed as described elsewhere (2) . The kinetics of polymerization were followed by measuring turbidity at 350 nm (7) . Figure 1 shows the profile of DEAE-cellulose chromatography of the mutant flagellin. Besides the prominent peak of flagellin (peak 1), there were two minor peaks that eluted at higher NaCl concentrations and one that eluted when the column was washed with 0.5 M NaCL We examined the effect of these peak fractions on the flagellin polymerization by adding a sample of each fraction to an in vitro polymerization system composed of flagellin iionomer (2.5 mg/ml) and fragmented flagella (seeds; 0.35 mg/ml) of wild-type in 0.15 M NaCl and 10 mM sodium phosphate buffer (pH 7.0). The peak 3 fraction had by far the strongest inhibitory effect, * Corresponding author.
which accounted for 65% of the total inhibitory activity contained in the crude preparation of the mutant flagellin (Table 1) . Sodium dodecyl sulfate (SDS)-PAGE showed that the peak 3 fraction had three protein components, with apparent molecular weights of 34,000 (34K), 55K, and 59K. We found that all of these components could be precipitated by centrifugation at 100,000 x g for 60 min after the peak 3 fraction was mixed with fragmented flagella. Furthermore, gel filtration chromatography on Sephadex G-100 (Pharmacia Fine Chemicals, Piscataway, N.J.) of peak 3 gave a major peak with an apparent molecular weight of between 100K and 200K (data not shown). Therefore, the three components in peak 3 probably formed a complex with the ability to attach to flagellar filaments. When seeds were added to the monomeric flagellin of the wild type after being reacted with the peak 3 fraction and subsequently washed with fresh buffer solution by centrifugation, the polymerization was inhibited by the same extent as when the seeds and the peak 3 fraction were simultaneously added to the monomer solution. The degree of inhibition depended solely on the quantity of the peak 3 fraction added, but not on the period of preincubation of peak 3 and seeds. From these results, it is likely that the peak 3 components inhibit flagellin polymerization by blocking the ends offragmented flagella that act as polymerization nuclei. From the densitometric scan of the SOS-PAGE pattern, we estimated that the inhibitory complex of peak 3 was bound to flagella in a protein-to-flageliin ratio of about 1:200. This estimation supports the view that one inhibitory complex is bound to each growing end of the fragmented flagella.
We expected that the mutant flagellin would become polymerizable after the inhibitory factor was removed. However, no indication of polymerization was obtained when fragmented flagella were added to the purified mutant flagellin under physiological conditions. As a second method, we tried to polymerize the flagellin by adding ammonium sulfate because Salmonella flagellin can be polymerized by addition of 0.5 to 1.0 M ammonium sulfate (1, 8) . Indeed, we found that the purified mutant flagellin was polymerized when it was incubated at 26°C for several days in 1.3 to 1.5 M ammonium sulfate. No polymerization occurred in <1.3 M ammonium sulfate, and amorphous aggregates tended to form in >1.5 M ammonium sulfate. More than 80% of the mutant flagellin was polymerized after incubation in 1.4 M ammonium sulfate for 1 week. We also tried to polymerize the crude preparation of flagellin by the addition of 1.3 to 1.5 M ammonium sulfate. However, the polymerization was always very poor, and only a small amount of short flagellar segments or amorphous aggregates was found in the product. Electron and light micrographs showed that the purified mutant flagellin was polymerized into so-called curly types, right-handed helices with pitches of about 1.0 Fxm (6) (Fig. 2) .
Thus, it seems that the flagellin mutation affects both the polymerization of subunits and the shape of the polymers. The mutant flagellar filaments were stable under physiological conditions and had the ability to initiate polymerization of the wild-type flagellin. This is the first time that a substance having a strong inhibitory effect on flagellin polymerization has been found. We are currently trying to find such factors from sources other than the culture medium of the short-flagellum mutant. Although our trials with wild-type bacteria so far have been unsuccessful, there has been a suggestion that wild-type flagellar filaments may also have a substance that terminates flagellin polymerization (3, 5) . U.. 
